A case study on Daqing Oilfield is performed to analyse PS-converted wave seismic data in the presence of azimuth anisotropy. PS-converted wave splitting analysis is applied first to obtain the fast P-SV1 and slow P-SV2 components. Then individual azimuth velocity analysis is performed to obtain azimuthal velocity models, which can be used to estimate fracture properties and improve imaging. In fracture characterization of the whole survey area, the result estimated from the splitting analysis proves to be a more robust representation of fracture properties. However, the azimuthal analysis provides another way to investigate fractures, which is useful in making calibrated studies with other methods.
Introduction
Due to the increasing demands of better subsurface structure delineation and reliable reservoir properties, multi-component seismic data has been frequently acquired, processed and interpreted. Specifically, many efforts have been spent on studies of the azimuthal anisotropy of PS-converted wave seismic data including the azimuthal variation of seismic attributes and PS-converted wave splitting (Li and Zhang, 2011) . These two anisotropic effects are usually regarded as the result of vertically aligned fractures, which can be analysed to characterise fractured reservoirs.
Current studies often focus on the use of PS-converted wave splitting to estimate fracture properties (e.g. Tang et al., 2009; Li, 1999; Yue et al., 2013) . Alternatively, some geophysicists directly apply azimuthal analysis of the Pwave seismic data to the PS-converted wave seismic data neglecting the shear-wave splitting effect for simplicity (e.g. Dai et al, 2010; Mattocks et al., 2005) . However, the azimuthal variation of PS-converted wave seismic data is complicated by the shear-wave splitting effect. It is essential to separate the fast P-SV1 wave from the slow P-SV2 wave before applying any azimuthal analysis (Liu et al, 2012) .
In this paper a field data study from Daqing Oilfield, located in the northeast of China, is performed to analyse the azimuth anisotropy of PS-converted wave seismic data. This study shows that it is beneficial to make the separation between fast and slow PS-converted waves before applying analysis of the azimuthal variation. The azimuthal velocity model can be used to improve imaging and estimate the fracture properties. However, the PS-converted wave splitting analysis provides a more robust estimation of fracture properties.
Theory
Assuming the split fast P-SV1 and slow P-SV2 waves have similar waveforms with only a time delay, an objective function can be used to estimate the splitting parameters (MacBeth and Crampin, 1991) :
where  is the azimuth angle and T  is the time delay between the P-SV1 (PSV1) and P-SV2 (PSV2) components. win1 and win2 are the start time and end time of the analysis window. By scanning the horizontal rotation of the radial and transverse components, the fracture direction and time delay value will deliver a maximum value for function F. The two corresponding horizontal components will be the fast P-SV1 and slow P-SV2 waves.
Then analysis of the azimuthal variation can be applied to the individual P-SV1 and P-SV2 components. The azimuthal variation of the NMO velocities of both P-SV1 and P-SV2 waves can be approximated to be elliptical in the assumption of weak anisotropy (Liu et al, 2012) . It can be expressed as:
v is the base velocity.  is the velocity perturbation, which is a measurement of the velocity differences between directions parallel and perpendicular to the fracture direction  . The velocity analysis can be applied to different azimuth bins and an azimuthal velocity model can be obtained.
Daqing data and working flow
Daqing oilfield, within Songliao Basin, is located in Heilongjiang province, NE China. 3D3C seismic acquisition was performed in 2005 directly in the region where there has been hydrocarbon production for 30 years. The 3D3C survey area (Figure 1 ) is in 18.85 km ESE-WNW and 6.4 km in a NNE-SSW trending direction.
ACP (asymptotic conversion point) binning is performed to the dataset and then super-ACP binning is applied to enhance the signal-to-noise ratio. Initial velocity analysis is applied to both radial and transverse components to obtain the azimuth-stack gathers (stacking the traces of the same azimuth angle). Then splitting analysis is applied to estimate the fracture direction and time delays. Finally the original radial and transverse components are rotated into the fast P-SV1 and slow P-SV2 components and individual azimuthal velocity analysis can be applied. This analysis procedure is performed throughout the whole survey area.
Figure 1. The 3D3C data acquisition in the Daqing oilfield

Processing results
A super-ACP gather is selected to discuss the processing results, and the azimuth-stack gathers of both radial and transverse components are shown in Figure 2 . The horizontal axis represents different azimuth angles while the vertical time axis only covers the window 1.2s to 2.2s. It can be seen that the azimuth variation displayed in the radial component is not clear. This proves that the azimuthal variation is complicated by PS-converted wave splitting. The energy in the transverse component is weaker but 90° polarity reversals can be observed.
A set of azimuth angles and time values are scanned using Equation (1). After calculation, the desired fracture direction is 86° and the time delay is 40ms. Then the original radial and transverse components are rotated into P-SV1 and P-SV2 components. Their corresponding azimuth-stack gathers are shown in Figure 3 . The reflections displayed on the P-SV1 and P-SV2 components are much clearer. Besides, the time delay between these two components can be observed.
Then velocity analysis is applied to different azimuth bins of a single super-ACP gather. The azimuthal velocity model can be obtained by using Equation (2). The velocity ellipses of both P-SV1 and P-SV2 components at time 1.95s are shown in Figure 4 . The fracture directions estimated from the P-SV1 and P-SV2 velocity ellipses are 88° and 66°, respectively. This difference indicates that azimuthal analysis of PS-converted wave data may need calibrated studies to reduce uncertainties. The velocity perturbations of P-SV1 and P-SV2 components are 0.0159 and 0.0074, respectively. This suggests that the azimuthal variation of the P-SV2 component is weaker than that of the P-SV1 component. After applying the same analysis throughout a whole ACP line 420, the stack sections of P-SV1 and P-SV2 components can be obtained (Figures 5 and 6 ). The stack section of the original radial component is displayed in Figure 7 for comparison. Compared with the radial component, both P-SV1 and P-SV2 components show improved imaging quality, especially in the anticline area. It indicates that the anticline area may be subject to strong azimuthal variations due to intensive fractures. Three horizons on the P-SV1 component indicated by black curves in Figure 8 are selected to show distributions of velocity perturbations and fracture directions in the whole survey area. It can be seen in Figure 9 that three horizons all provide large values of the velocity perturbation in the central area of the survey. This zone is also considered as the target anticline area where intensive fractures are likely to develop. For horizon 1, this large-value zone follows a general NNE direction. Compared with horizon1, horizon 2 generally provides increased velocity perturbations. Moreover, the large-value zone for horizon 2 has a larger lateral extent and its spread is approximately oriented in the NE direction. Velocity perturbations for horizon 3 are overall smaller than those for both horizon 1 and 2. The large-value zone for horizon 3 is generally aligned with the NE-SW direction. From horizon 1 to 3, the orientation of the large-value zone migrates from the NNE direction to the NE direction, which could help the interpretation of the anticline structure in this area.
The relationship between the distribution of fitted fracture directions and the anticline area shown in Figure 10 is not as clear as the relationship between the velocity perturbation and the anticline area shown in Figure 9 . Three horizons provide similar trends for the dominant fracture direction, which is approximately along the NE-SW direction. It indicates that the depth-dependence of the fracture orientation is not very significant.
For comparison, time delays and fracture directions obtained from the splitting analysis are displayed in Figure  11 . The large-value time delay zone is also located in the central area and its spread is generally oriented in the NNE-SSW direction. This result is close to the results obtained from azimuthal analysis of the P-SV1 component. However, the PS-converted wave splitting analysis provides more uniform distributions of dominant fracture directions, which are generally oriented in the NE-SW direction. Moreover, there are few places where the dominant fracture directions rapidly change. It suggests that PS-converted wave splitting is a more robust method for fracture direction estimation. 
Conclusions
The field data study result indicates that it is important to separate the fast P-SV1 wave from the P-SV2 wave in the presence of azimuthal anisotropy. Azimuthal analysis can be applied to both P-SV1 and P-SV2 components to obtain the azimuthal velocity models, which are beneficial to imaging improvement. Compared with the azimuthal analysis, PS-converted splitting is found to be a more robust method to estimate fracture properties. However, the fracture information estimated from the azimuthal analysis can be used to make calibration studies for fracture characterisation.
(a) (b) Figure 11 . Distribution maps of (a) time delays between the P-SV1 and P-SV2 components , and (b) the fast directions from splitting analysis. 
